Cell division in fungal cells requires the coordination of three different processes: determination of the site of division, actomyosin ring formation, and the concomitant contraction of this ring together with chitin deposition at septal sites. This report describes the isolation of the AgBUD3 homologue and the characterization of Bud3 protein function in Ashbya gossypii. Bud3 fused to green fluorescent protein was shown to localize transiently either as a single ring to multiple sites of future septation or as a double ring to newly established septa. Deletion of AgBUD3 leads to a striking change in actin ring localization involving the mislocalization of AgCyk1, which is required for actin ring assembly. Aberrant chitin accumulation occurs subsequently, generating delocalized septa. Thus, in A. gossypii, Bud3 acts as a landmark, tagging future septal sites, and is involved in the positioning of the contractile ring, whereas it does not direct lateral branching.
INTRODUCTION
Cytokinesis in animal and fungal cells is a conserved process (Field et al., 1999) . A protein complex that generates a contractile actomyosin ring and a protein family encoded by septins have crucial roles in the process of cell division (Longtine et al., 1996; Glotzer, 2001) . Differences exist with regard to morphological features and the spatial and temporal regulation of cytokinesis (Hales et al., 1999) . The process of septation in filamentous fungi corresponds to cytokinesis in yeast and animal cells (Harris, 2001) . During septation, actomyosin ring contraction is coordinated with chitin deposition in filamentous fungi, as has been shown for Saccharomyces cerevisiae Sharpless & Harris, 2002; Wendland & Philippsen, 2002) . In contrast to yeast-like fungi, multiple sites of septation can be marked simultaneously in hyphal tip cells of filamentous ascomycetes (Harris, 1997; Wendland & Philippsen, 2002) .
In S. cerevisiae, the position of bud emergence, and thus the position of the cleavage plane, is determined by landmark proteins (Chant, 1996) . A specific set of proteins seems to be required for either the haploid-specific axial budding pattern (including Bud3, Bud4, Axl1 and Axl2) or the diploid-specific bipolar bud-site selection pattern (including Bud6, Bud8 and Bud9) (Madden & Snyder, 1998) .
Deletion of genes required for the axial budding pattern, such as BUD3, in haploid cells converts bud-site selection towards the bipolar budding pattern. However, expression of BUD3 and localization of Bud3 are similar in all cell types, and a mild cytokinesis defect was found in Scbud3 cells that sometimes appeared connected as chains (Chant et al., 1995; Roemer et al., 1996) . This raises the question of whether Bud3 also serves a more general function.
Therefore, to investigate the role of a potential landmark protein during septation in a filamentous ascomycete, a BUD3 orthologue from Ashbya gossypii was isolated and its cellular distribution was characterized by using fluorescence by green fluorescent protein (GFP). Disruption of BUD3 results in a septation defect that provides the initial insight that Bud3 serves a dual function in A. gossypii: as a landmark, and as part of a scaffold that recruits components of the contractile ring to the site of septation. In contrast to the function of Bud3 in S. cerevisiae, however, AgBud3 is not required to determine the site of lateral branch formation. This opens new possibilities of analysing the underlying biochemical function of Bud3 in the septation network of both filamentous and yeast-like fungi.
RESULTS AND DISCUSSION Positional cloning of Ashbya gossypii BUD3
Two branching patterns occur in A. gossypii: lateral branching, which generates new hyphal tips in subapical regions, and dichotomous branching at the hyphal tip . Septation generally occurs at the base of each of these branches. Interestingly, lateral branches were formed almost exclusively directly adjacent to previous sites of septation (n = 195/200) . Thus, the lateral branching pattern of A. gossypii seems to be reminiscent of the axial budding pattern in S. cerevisiae. To test whether this phenotypic similarity is extended to the genetic level, I sought to isolate an orthologue of BUD3 in the filamentous fungus A. gossypii. Previous descriptions of syntenic gene arrangements in several A. gossypii and S. cerevisiae loci led to the assumption that the close linkage of BUD3 to the LEU2 gene in S. cerevisiae might also be conserved in A. gossypii. Furthermore, such a close linkage is also observed in the dimorphic opportunistic human fungal pathogen Candida albicans (Fig. 1A) . By plasmid walking, with the recently isolated sequence of AgLEU2 as a starting point, AgBUD3 was identified (Fig. 1A) . Comparison of the BUD3 loci of A. gossypii and C. albicans with the S. cerevisiae BUD3 locus, which is found on chromosome III, indicated that in A. gossypii a YNL002c homologue, and in A. gossypii and C. albicans YNL003c homologues, are present that in S. cerevisiae are located on chromosome XIV. The transcriptional orientation of the genes at the BUD3 loci was found to be conserved between A. gossypii and S. cerevisiae, whereas multiple inversion events at the BUD3 locus seem to have occurred in the C. albicans lineage because CaBUD3, for example, is located directly adjacent to CaLEU2 (Fig. 1A) . Comparison of the Bud3 proteins showed that the amino-terminal halves share a higher percentage of amino acid sequence identity than the carboxy-terminal parts of the proteins, which were also found to be responsible for the size variations between the different proteins (Fig. 1B) .
On the basis of hybridization data and, finally, on wholegenome sequencing data, the isolated AgBUD3 gene represents the only orthologue of BUD3 in the Ashbya genome. Searches in the current databases did not reveal any related sequences to AgBUD3 in other filamentous fungi or more distantly related organisms. However, a weak similarity to domains of guanine nucleotide exchange factors (GEFs) for Rho GTPases could be localized in a 180-amino-acid region within the N-terminal part of the protein, whose role for Bud3 function remains to be explored.
In vivo localization of Bud3-GFP
To examine Bud3 localization, a functional protein encoded by BUD3-GFP was used under the control of its endogenous promoter as the sole copy of the BUD3 gene. Additionally, the positions of septa were revealed by staining with chitin. Bud3 localization was found to be transient and to precede septation; it also marked future sites of septation. Bud3 was also found at sites of continuing septation, but started to disappear after septum completion, and was not observable in older hyphal segments ( Fig. 2A) . Bud3 localization occurs as a ring which is converted into a double ring at subapical septal sites. At sites where Bud3 occurred as double rings, septum completion was observed by chitin deposition (Fig. 2B) . Interestingly, the formation of lateral branches seems not to require septum completion. Branches within hyphal tip cells were also found adjacent to positions where Bud3 localization occurred before chitin-ring formation, further supporting a role of Bud3 as a potential landmark (Fig. 2C ).
These data show clearly that septation in A. gossypii proceeds from basal regions to the hyphal tip (Fig. 2) . The state of Bud3 localization is therefore indicative of septum completion in A. gossypii. Surprisingly, it was proposed for Aspergillus nidulans that septation proceeds from the hyphal tip towards basal regions, although the localization of AspB, the Cdc3 homologue of S. cerevisiae, occurs in a similar two-state process to that found for AgBud3 (Westfall & Momany, 2002) .
AgBud3 localizes close to the hyphal tip (although not at the peak of the tip), indicating that its localization is one of the early events in septation in A. gossypii (Fig. 2) . Thus, AgBud3 could be used as part of a tip-based process to mark sites for future septation upon which an array of subsequent proteins (the 'septation network') could be assembled.
The Bud3-localization domain resides in the C terminus
Next, I examined which part of Bud3 is required for localization. To this end, both the 5′ end (highly conserved at the protein level) and the 3′ end (highly divergent) of AgBUD3 were fused to the gene encoding GFP to generate the proteins AgBud3 1-655 -GFP and AgBud3 -GFP, respectively. Interestingly, it was found that the C terminus of AgBud3 is sufficient for correct localization, whereas the N-terminal half of AgBud3 was not involved in its localization ( Fig. 3A-H) . Localization of AgBud3 -GFP also occurred to the bud neck of S. cerevisiae cells, which was unexpected given the diversity in the corresponding amino-acid sequences ( Fig. 3E-H) . In contrast, the C-terminal fragment of CaBud3 (CaBud3 ) did not localize in S. cerevisiae cells (data not shown). AgBUD3-GFP expressed from the A. gossypii BUD3 promoter was not detected in yeast cells, presumably owing to a lack of promoter function. Overexpression of GFP-AgBUD3 by way of the yeast GAL promoter localized GFP-AgBud3 without resulting in any aberrant morphologies, but did not result in complementation. Cellular defects in S. cerevisiae after the overexpression of either ScBUD3 or the C. albicans INT1 gene, which is related to ScBUD4, have been reported recently (Lord et al., 2000; Gale et al., 2001) . However, even when put under the control of the ScLEU2 promoter, AgBUD3 only localized to the bud neck, without complementing the defect in bud-site selection (data not shown), whereas in S. cerevisiae the use of a comparable cell-cycle-constitutive ScMET3 promoter for ScBUD3 expression seemed to be sufficient for complementation (Lord et al., 2000) . Further studies to establish firmly the correct heterologous scientific report complementation of the Scbud3 mutation by the AgBUD3 orthologue and vice versa are currently in progress.
Characterization of the mutant phenotype based on bud3
To determine the mutant phenotype of Agbud3, two types of deletion mutant were constructed that were phenotypically identical. Agbud3 mutants did not show any retardation in growth rate compared with the wild type. At positions where septa are usually found in wild-type hyphae, Agbud3 hyphae showed either correct septation or, more often (n = 142/200), aberrant deposition of chitin occurred as clumps on one half-side of the hyphae; this was never observed in the wild type (Fig. 4) . Deletion of AgBUD3 did not produce altered branching patterns. The characteristic bipolar branching pattern found in wild-type germ cells, which produce two hyphae at an angle of 180° , was not disturbed in germinating bud3 mutant spores (n = 150). The dichotomous branching pattern of hyphal tips occurred as regularly as in the wild type (Fig. 4) . Lateral branching occurred predominantly at sites where correct septa had been formed in the bud3 mutant (n = 93/100). Interestingly, lateral branching was also found at presumptive septal sites where aberrant chitin aggregates had formed (Fig. 4) . The septation defect was remedied by providing either plasmid-borne AgBUD3 or AgBUD3-GFP (data not shown). Thus, characterization of the bud3 deletion phenotype favours the hypothesis that Bud3 has a structural role in septum positioning and septum construction, rather than in the positioning of lateral branches. A role of AgBud3 in dichotomous tip branching seems to be unlikely because Bud3-GFP was not detected at the hyphal tip and is therefore not present at the time when tip branching occurs.
Loss of actin rings from septal sites in the bud3 mutant
It was observed previously that the IQGAP-related protein AgCyk1 localizes exclusively to septal sites and is required for actin ring formation, and that constriction of the Cyk1 ring (and hence the actin ring) occurs at the same time as the deposition of chitin and septum formation (Wendland & Philippsen, 2002) . To understand how the deletion of BUD3 results in such aberrant chitin deposits, I analysed the organization of the actin cytoskeleton in bud3 mutant hyphae (Fig. 5) . In the wild type, cortical actin patches accumulated in the hyphal tips, and actin rings were formed at septal sites. In the bud3 mutant, cortical actin patches localized to the growing hyphal tip in a wild-type-like manner; genuine actin rings were also found at several sites, in agreement with the observation that correct septation can occur in the bud3 mutant (Fig. 5) . However, prominent linear actin bundles were observed that were positioned at intervals along the hyphae and seemed to be localized at the cell cortex. These bundles differed clearly in size and diameter from actin cables (which were much more difficult to detect under the conditions used). To investigate whether these actin bundles correspond to detached actin rings that no longer localized correctly as rings to septal sites, a functional CYK1-GFP fusion was introduced into the bud3 mutant background. Cyk1-GFP was found to localize as a ring to septal sites. Most prominent, however, was the localization into linear bundles (Fig. 5) . These linear Cyk1 bundles were found to colocalize with actin linear bundles, thus providing strong evidence for the misplacement of actin rings in the bud3 mutant. In S. cerevisiae, and in mammalian cells, the localization of IQGAP-related proteins occurs by way of myosin light chains (Weissbach et al., 1998; Shannon & Li, 2000) This evolutionarily conserved feature of IQGAPs might also be involved in the localization of AgCyk1 to the septum, indicating that AgBud3 might not directly target AgCyk1 to septal sites. The formation of delocalized actin rings and aberrant chitin deposition in Agbud3 hyphae resembles septum-like structures observed in Sccdc3 mutant cells (Slater et al., 1985; Roh et al., 2002) . In Scbud3 cells a mild cytokinesis defect was observed (Roemer et al., 1996) . However, the septation defect in A. gossypii is much more pronounced. One possible common role for Bud3 in both A. gossypii and S. cerevisiae might therefore be to communicate interactions between septins and the actomyosin ring; this is currently under investigation.
METHODS
Strains and media. A. gossypii strains used include wild-type (ATCC 10895), Ag leu2 thr4 (provided by P. Philippsen, Basel, Switzerland; AWE28 (leu2, thr4, bud3 ∆2::GEN3; pBUD3-GFP-LEU2), AWE29 (leu2, thr4, bud3∆1::GEN3) , AWE30 (leu2, thr4, bud3 ∆2::GEN3) , AWE34 (leu2, thr4, bud3 ∆2::GEN3; pBUD3-LEU2), AWE36 (leu2, thr4, bud3 ∆2::GEN3; pCYK1-GFP-LEU2), and S. cerevisiae strains BY4730a and Y30022 (Euroscarf; MATa his3∆1 leu2 ∆0 met15 ∆0 ura3 ∆0; YCL014w ::kanMX4). Deletions of BUD3 were performed as described previously . The BUD3 open reading frame (ORF) is 4,437 base pairs (bp) long. Deletion of BUD3 in AWE29 was an insertion deletion replacing nucleotides 939-1,551 with the selectable marker GEN3. Deletion of BUD3 in AWE28 resulted in a precise and complete ORF deletion, including the start and stop codons. Details of oligonucleotide primers used are available from the author on request. Media, culture conditions, growth assays and transformation procedures used in this study have been described in detail previously . Note the Cyk1 bundle emanating from the Cyk1 ring (C) and also the fact that Cyk1-GFP localizes ahead of the actin ring (F). About 300 hyphae were examined for each panel; representative micrographs are shown. Asterisks mark correctly formed rings of either actin or Cyk1-GFP; arrows indicate actin bundles. Scale bar, 10 µm.
Isolation of
partial fragment of AgBUD3, a bacterial artificial chromosome (BAC) library was screened (provided by Rod Wing and Sangdun Choi). The complete AgBUD3 was subcloned from a BAC clone as a 7,053-bp SalI fragment into pRS415, generating pBUD3cc. Sequencing was performed on ABI377 automated sequencers. Generation of fusion constructs. All fusion constructs were generated by using the in vivo recombination machinery of S. cerevisiae, which allows the efficient recombination of polymerase chain reaction (PCR) cassettes with linearized plasmid backbones. Correct generation of all fusion constructs was verified by sequencing (MWG). AgBUD3-GFP and AgBud3 -GFP were generated by the fusion of pBUD3cc with PCR-generated cassettes amplified from pGUG (GFPS65T-ScURA3-terminator-GEN3 module; provided by P. Knechtle, Basel, Switzerland). To place AgBUD3 under the control of the S. cerevisiae GAL promoter, a kanMX4-P GAL -GFP PCR cassette was used (provided by P. Philippsen, Basel, Switzerland). This resulted in an N-terminal fusion of the gene for GFP with the AgBUD3 ORF. AgBud3 -GFP was generated by amplifying a 3-kb fragment carrying the 3′ end of BUD3 fused to the gene for GFP (derived from pBUD3-GFP) and simultaneously adding terminal flanking regions to the AgTEF1 promoter and terminator. This fragment was used in the precise replacement of the kan ORF from kanMX6 cloned into pRS415. This resulted in the AgTEF1-controlled expression of AgBud3 -GFP. CaBud3 -GFP was constructed using the same approach. Microscopy. Staining of septa by calcofluor and staining of actin by rhodamine-phalloidin was performed as described previously (Wendland & Philippsen, 2001) . Fluorescence microscopy was done on a motorized Zeiss AxioplanII imaging microscope (Zeiss) with the appropriate filter combinations (Chroma Technology). Images were taken with a digital video imaging system (MicroMax1024; Princeton Instruments) operated by Metamorph 4.6 software (Universal Imaging Corporation).
